This work is focused on steady, laminar, coupled heat and mass transfer by natural convect ive boundary layer ow over a permeable isothermal truncated cone in the presence of magnetic eld and radiation effect s. A suitable set of dimensionless variables is used and nonsimilar equations governing the problem are obtained. The resulting equations have the property that they reduce to various special cases previously considered in the literature. An adequate implicit, tridiagonal nite difference scheme is employed for the numerical solution of the obtained equations. Various comparisons with previously published work are performed and the results are found to be in excellent agreement. Represent ative results for the velocity, temperature, and concentration pro les as well as the local skin-friction coef cient; local Nusselt number and the local Sherwood number illustrating the in uence of the Hartmann number; the concentration to thermal buoyancy ratio; and the wall mass transfer coef cient are presented and discussed.
from a nonisothermal cone was analyzed by Hering and Grosh [5] and Roy [6] . An approximate method of solution for the overall heat transfer from vertical cones in laminar natural convection was reported by Alamgir [7] . The laminar natural convection over a slender vertical frustum of a cone has been studied by Na and Chiou [8, 9] .
Hydromagnetic and thermal radiation effects also have been considered extensively in the literature. For example, Kafoussias [10] has analyzed hydromagnetic free convection £ow through a nonhomogeneous porous medium over an isothermal cone surface. Kumari et al. [11] have considered nonaxisymmetric unsteady motion over a rotating disk in the presence of natural convection and magnetic ¢eld effects. Raptis and Singh [12] have solved the problem of hydromagnetic natural convection £ow past an accelerated vertical plate. Takhar and Ram [13] magnetohydrodynamic natural convection £ow of water through a porous medium. Thermal radiation effects become important when the difference between the surface and the ambient temperature is large. Viskanta and Grosh [14] have considered boundary layer £ow in thermal radiation absorbing and emitting media. Ali et al. [15] have considered natural convection-radiation interaction in boundary layer £ow over horizontal surfaces. Hossain and coworkers [16^18] have reported on natural convection radiation interaction from an inclined plate and vertical cylinders with circular elliptic cross sections. Recently, Yih [19] reported on the effects of radiation on natural convection about a truncated cone. He obtained nonsimilar equations using a suitable transformation that were solved by the Keller box method. The purpose of this work is to generalize the work of Yih [19] through the inclusion of mass diffusion effects, hydromagnetic effects, and wall suction or injection effects.
GOVER NING EQUATIONS
Consider steady, laminar, heat and mass transfer by natural convection, boundary layer £ow of an electrically conducting and optically dense £uid about a truncated permeable cone with a half angle g in the presence of thermal radiation effects as shown in Figure 1 . The origin of the coordinate system is placed at the vertex of the full cone where x represents the distance along the cone and y represents the distance normal to the surface of the cone. The cone surface is maintained at a constant temperature T w and a constant concentration c w , and the ambient temperature and concentration far away from the surface of the cone T 1 and c 1 are assumed to be uniform. For T w > T 1 and c w > c 1 an upward £ow is induced as a result of the thermal and concentration buoyancy effects. Fluid suction or injection is imposed at the surface. A uniform magnetic ¢eld is applied in the y-direction normal to the £ow direction. The magnetic Reynolds number is assumed to be small so that the induced magnetic ¢eld is neglected. In addition, the Hall effect and the electric ¢eld are assumed negligible. The small magnetic Reynolds number assumption uncouples the Navier^Stokes equations from Maxwell's equations. All physical properties are assumed constant except the density in the buoyancy force term. By inovoking all of the boundary layer. Boussineq, and Rosseland diffusion approximations (see, for instance, Yih [19] ) the governing equations for this investigation can be written as
where r is the radius of the truncated cone. u, v, T, and c are the x-component of velocity, y-component of velocity, temperature, and concentration, respectively. r, u, c p , a, and D are the £uid density, kinematic viscosity, speci¢c heat at constant pressure, thermal diffusivity, and mass diffusivity, respectively. s*, B o , b T , and b c are the £uid electrical conductivity, magnetic induction, thermal expansion coef¢cient, and concentration expansion coef¢cient, respectively. g, s, s s , and a r are the acceleration due to gravity, Stefan^Boltzmann constant, scattering coef¢cient, and the Rosseland mean extinction coef¢cient, respectively. The coef¢cient of the last term of Eq. (3) is sometimes called radiative conductivity as mentioned by Yih [19] .
The proper boundary and ambient conditions for this problem can be written as yˆ0 : uˆ0 vˆ¡v o TˆT w cˆc w …5 † Figure 1 . Problem schematics and coordinate system.
where v 0 ( > 0) is the wall suction velocity. The governing equations and boundary conditions can be made dimensionless by introducing the stream function such that
and using the following dimensionless variables
where U r is a reference velocity. Substituting Eqs. (7) and (8) into Eqs. (1) thorough (6) yields the following nonsimilar dimensionless equations:
where a prime denotes partial differentiation with respect to Z and
are the square of the Hartmann number, concentration to thermal buoyancy ratio, Prandtl number, radiation-conduction parameter, surface temperature parameter, Schmidt number, and mass transfer coef¢cient, respectively. In these de¢nitions,
2 is the Grashof number based on x o and k is the thermal conductivity.
Equations (9) (9) and (10) reduce to those reported earlier by Na and Chiou [9] in their work concerning laminar natural convection over a frustum of a cone. Also, in the absence of magnetic ¢eld (Mˆ0), wall mass transfer effects (f oˆ0 ), and the concentration buoyancy effects (Nˆ0), Eqs. (9) and (10) reduce to those reported recently by Yih [19] . In addition, the similarity equations for £ow and heat transfer by natural convection over a vertical plate reported previously by Na [3] are recovered by formally setting all of f o , M, N, R d , g, and xˆ0 in Eqs. (9) and (10) . Furthermore, the similarity equations governing the £ow and heat transfer about the full cone case (see, for instance, [5] , [6] , [7] , and [9] ) are obtained by taking f oˆMˆNˆRdˆ0 and letting x ! 1.
The local skin-friction coef¢cient C f , local Nusselt number Nu x , and the local Sherwood number Sh x are important physical properties. These can be de¢ned in dimensionless form below as given by Yih [19] :
NUM ER ICAL M ETHOD
The initial value problem represented by Eqs. (9) through (13) with x playing the role of time is nonlinear and has no closed-form solution. Therefore, it must be solved numerically. The implicit, tridiagonal, ¢nite difference method discussed by Blottner [20] has proven to be adequate for the accurate solution of boundary layer equations. For this reason, it is adopted in this work.
All ¢rst-order derivatives with respect to x are replaced by two-point backward difference quotients such that
where A is a typical independent variable, m and n indicate lines of constant x and constant Z, respectively. Dx m¡1 is the x step size between the m ¡ 1 and m lines of constant x. Equation (9) is converted into a second-order partial differential equation by letting Vˆf 0 . Then all equations governing V, y, and f can be written in the general form:
where ZˆV, y, or f and the p's are constants, functions of the dependent variables, or functions of the independent variables. These equations are discretized using three-point central difference quotients and, as a consequence, a set of algebraic equations results at each line of constant x. These algebraic equations are then solved by the well-known Thomas algorithm (see Blottner [20] ) with iteration to deal with the nonlinearities of the problem. When the solution at a speci¢c line of constant x is obtained, the same solution procedure is used for the next line of constant x. This marching process continues until the desired value of x is reached. At each line of constant x, when V is known, the equation f 0ˆV is then solved for f using the trapezoidal rule. The convergence criterion employed was based on the difference between the current and the previous iterations. When this difference reached 10 ¡5 , the solution was assumed converged and the iteration procedure was terminated. Variable step sizes in both the x and Z directions were utilized to accommodate the sharp changes in the dependent variables especially in the immediate vicinity of the cone surface. The (x, Z) computational domain consisted of 299 and 196 points, respectively. The initial step sizes in x and Z were both taken to be equal to 10 ¡3 , and the growth factors were taken to be 1.04 and 1.0375. This gave x 1ˆ3 000 and Z 1ˆ3 5. These values were found to give accurate grid-independent results as veri¢ed by the comparisons mentioned below.
To access the accuracy of the numerical results, various comparisons with previously published work for the cases of a vertical plate (xˆ0) and a full cone (xˆ1) were performed. These comparisons are presented in Tables 1 and 2 . It is obvious from these tables that excellent agreement between the results exists. These favorable comparisons lend con¢dence in the graphical results to be reported in the next section.
R ESULTS AND D ISCUSSION
In this section, a representative set of numerical results for the velocity, temperature, and concentration pro¢les as well as the local skin-friction coef¢cient, local Nusselt number, and the local Sherwood number is presented graphically in Figures 2 through 19 . These results illustrate the effects of the Hartmann number M, the concentration to thermal buoyancy ratio N, and the suction or injection parameter f o on the solutions. It is also observed from these ¢gures that for M > 0 all of f 00 …x, 0 †, ¡y 0 …x, 0 †, and ¡f 0 …x, 0 † decrease with x while they increase with x for Mˆ0. Figures 8 through 10 display the effects of the concentration to thermal buoyancy ratio N on the velocity, temperature, and concentration pro¢les, respectively. Positive values of N indicate aiding £ow while negative values of N correspond to opposing £ow. Increases in the values of N have a tendency to increase the buoyancy effects due to concentration difference. This induces more £ow along the cone surface causing the velocity of the £uid to increase as evident from Figure  8 . This increase in the £ow velocity occurs at the expense of both the temperature and concentration, which decrease as N increases. It is interesting to note that the distinctive peaks in the velocity pro¢les move toward the cone surface as N > 0) at the wall has a tendency to reduce all of the hydrodynamic, thermal, and concentration boundary layers. This causes all of the velocity, temperature, and concentration to decrease at every point far from the surface. On the other hand, injection of £uid (f o < 0) through the surface produces the opposite effect, namely, increases in all of the velocity, temperature, and concentration. These behaviors are clearly shown in Figures 14 through 16 . Consistent with the behavior reported by Yih [19] , increasing the value of R d results in increases in both the velocity and temperature distribution and the maximum velocity tends to move away from the surface. However, the concentration distribution tends to decrease as a result of increasing the radiation effect as observed from Figure 16 
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Inspection of the velocity, temperature, and concentration pro¢les reported in Figures 14 through 16 reveals that (f 00 …0.5, 0 †) decreases for R dˆ0 and increases for R dˆ1 0 as f o increases and (f 00 …0.5, 0 †) is higher for R dˆ1 0 than that of R dˆ0 . The same behavior apparently exists for other values of x with small overshoots and undershoots close to xˆ0 and then a continuously decaying trend with x. It also reveals that ¡f 0 …0.5, 0 † increases as either of f o or R d increases and that ¡f 0 …x, 0 † has a decaying trend with x for f o < 0, an increasing behavior with x for f o > 0, whereas it remains almost constant with x for f oˆ0 . The behavior of ¡y 0 …x, 0 † is, however, somewhat different for R dˆ0 where it decreases and increases sharply with x for f o < 0 and f o > 0, respectively while it remains almost constant for f oˆ0 . The curve associated with f oˆ1 .0 (for R dˆ0 ) lies outside the range of the ¢gure and, therefore, is not shown. In addition, while for R dˆ1 0 the values of ¡y 0 …x, 0 † are lower than those corresponding to R dˆ0 for f o 0, they are higher for f o < 0 than those corresponding to R dˆ0 except at very small values of x. It should be mentioned that the behavior of the local Nusselt number will be different than given in Figure 18 for R dˆ1 0 (as evident from Eqs. (15) ) where its values will be higher than those associated with R dˆ0 for all values of f o . All of the above trends are evident from Figures 17 through 19 .
Finally, Table 3 reports values for f 00 …1, 0 †, ¡y 0 …1, 0 †, and ¡f 0 …1, 0 † for various values of M and N. Again, it is seen that as M increases all of f 00 …1, 0 †, ¡y 0 …1, 0 †, and ¡f 0 …1, 0 † decrease. However, the opposite effect is predicted where all of these physical parameters increase as N increases. 
CONC LUSION
The problem of steady-state, laminar heat and mass transfer by natural convection boundary layer £ow around a permeable truncated cone in the presence of magnetic ¢eld and thermal radiation effects was considered. A set of nonsimilar governing differential equations was obtained and solved numerically by an implicit ¢nite difference methodology. Comparisons with previously published work on various special cases of the general problem were performed and the results were found to be in excellent agreement. A representative set of numerical results for the velocity, temperature, and concentration pro¢les as well as the local skin-friction coef¢cient, local Nusselt number, and the local Sherwood number was presented graphically and discussed. It was found that, in general, all of the local skin-friction coef¢cients, local Nusselt number, and the local Sherwood number reduced as the magnetic Hartmann number was increased. Also, while all of these physical parameters decreased with the distance along the cone surface in the presence of the magnetic ¢eld, they increased with it in the absence of the magnetic ¢eld. It was also found that owing the presence of £ow-aiding concentration buoyancy effects, all of the local skin-friction coef¢cient, local Nusselt number, and the local Sherwood number increased. The effects of £uid suction at the cone surface was found to decrease the local skin-friction coef¢cient in the absence of thermal radiation effects and to increase it when the radiation effects were present. However, both the local Nusselt and Sherwood numbers were found to increase as the suction velocity was increased regardless of the presence or absence of thermal radiation effects. 
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